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Introduction
Retrofitting of existing reinforced concrete (RC) structures is a sensitive issue in urban areas subjected to high seismic risk. A large portion of the current building inventory around the Mediterranean basin was built without any kind of seismic detailing since seismic design was not introduced at the time. In Greece, for example, a seismic code was first introduced in the late 1950s and RC walls were first used in multi-storey buildings in the 1960s. Therefore, strengthening the existing building stock seems to be the proper way to effectively reduce seismic risk; this entails the development of a retrofit strategy and the application of one or more local and/or global intervention techniques. Reinforced concrete jacketing is arguably the most appropriate intervention method for providing uniformly distributed lateral load capacity throughout the structure. Both stiffness and strength can increase substantially by the addition of the jacket, whereas proper design ensures a flexural plastic mechanism, preventing any brittle failure modes. Moreover, deformation capacity may also be enhanced through proper detailing of the strengthened member.
The effectiveness of the RC jacketing intervention method has been verified by studying the response of 44 specimens from 11 experimental studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , which constitute the experimental database of RC jacketed members compiled by the authors [12] . A key issue related to the response of the composite cross section is the interaction between the existing cross section and the outer shell (jacket). In an ideal situation, the construction of the jacket would ensure full composite action between the two bodies. Despite the fact that in some experimental studies this has been found to be feasible (e.g. [7, 11] ), in real conditions (on the site) this seems not to be the case since slip takes place at the interface between the existing member and the jacket. In order to partially deal with this issue, apart from the surface preparation of the existing member, various means of connection between the 'old' cross section (which serves as the core of the jacketed member) and the jacket itself are adopted.
The response of members with composite cross section is largely influenced by the response characteristics of the most sensitive component, which, in the case of RC jacketed members, is considered to be the interface between the core and the jacket. The difficulty in tackling this complex problem of mechanics is that it is dominated by the shear resistance mechanisms mobilized due to sliding. A pragmatic design approach is adopted instead, which relies on the monolithic member approach for the analysis of composite members, making use of properly defined 'monolithicity factors' for obtaining the mechanical properties of the strengthened member. Design codes follow this approach by considering monolithicity factors based on empirical or semi-empirical relationships. In the case of Eurocode 8, Part 1.3 [13] and under the assumptions of: (i) full composite action between old and new concrete, (ii) application of full axial load on the jacketed member, and (iii) application of the concrete properties of the jacket over the full section of the element, monolithicity factors are equal to K V = 0.9 for shear strength, Κ Μy = 1.0 for yield moment , K θu = 1.0 for the ultimate rotation, whereas for the yield rotation , the value K θy = 1.05 applies when measures for roughening of the interface have been taken, and K θy = 1.20 applies when measures other than roughening are taken for the connection of the jacket to the existing member or when no particular measures are taken. The Greek code for interventions [14] suggests monolithicity factors for shear strength K V = 0.9, for stiffness, K K = 0.8, and rotation at yield and ultimate K θy = 1. 25 and K θu = 0.80, respectively.
Although some of the available models for predicting the behaviour between concrete interfaces under cyclic loading (e.g. [14] ) have been implemented in computational models (finite element analysis) for estimating the response of RC jacketed members [15, 16] , they have not been implemented in an analytical model. Such an analytical model is developed herein which takes into account slip at the interface between the core and the jacket and thus the shear transfer mechanisms mobilized along the contact interfaces. The model is capable of predicting the flexural response of existing RC columns when RC jacketing is applied and considering that the longitudinal reinforcement placed in the jacket passes through holes drilled in the slab and new concrete is placed in the beam -column joint. The solution algorithm is based on previous research conducted by Thermou et al. [17] for monotonic loading. In this paper, it is further modified and extended to account for cyclic shear reversals.
The sensitivity of the proposed analytical model to critical input parameters was evaluated and its validity was assessed through comparisons with experimental moment -curvature histories. A computer program was developed in-house, based on the proposed solution algorithm, which also comprises a useful tool for deriving monolithicity factors.
Interface resistance mechanisms under cyclic loading conditions
The addition of a new concrete layer (e.g. flexural strengthening of beams) or a new RC member (e.g. RC jacketing, RC infill walls) in various retrofit techniques entails issues related to the connection between existing and newly cast concrete. The response of the composite member, and subsequently of the whole structure, depends largely on the response characteristics of the interface, since shear transfer takes place. Describing in detail the mechanisms mobilized along interfaces due to slip and their interaction is a rather complex mechanical issue, especially under cyclic loading conditions where degradation should also be accounted for.
Aggregate interlock between contact surfaces, friction resulting from clamping action of reinforcement normal to the interface, as well as dowel action of any properly anchored reinforcement normal to the interface, are the mechanisms that resist sliding (slip). The contribution of the individual shear transfer mechanisms is given by:
The first two terms in Eq. (1) collectively represent the contribution of concrete as they depend on the frictional resistance of the interface planes. In Eq. (1), τ agr represents the shear resistance of the aggregate interlock mechanism, μ is the interface shear friction coefficient, σ N is the normal clamping stress acting on the interface and τ D is the shear stress resisted by dowel action in cracked reinforced concrete. The clamping stress represents any normal pressure, p, externally applied on the interface, but also the clamping action of reinforcement crossing the contact plane as illustrated in Fig. 1 
Friction and dowel resistance
Shear transfer along interfaces has been a subject of research since the 1970s. Analytical models and design expressions, which are either empirical or based on substantial simplifications, have been proposed for the main shear transfer mechanisms (friction and dowel resistance) by considering that they act separately or jointly. Moreover, issues related to the influence of the roughness of the substrate surface, the differential shrinkage and stiffness of new-to-old concrete interfaces, as well as the compressive strength of the added concrete to an existing concrete substrate have been experimentally investigated [e.g. [18] [19] [20] [21] [22] .
The models found in the literature can be classified into two categories. To the first belong those models where all forces are transferred through reinforcement [e.g. [23] [24] [25] , whereas the second includes those models that, apart from reinforcement contribution, include a cohesion term [e.g. [26] [27] [28] [29] [30] [31] [32] . In the Modified Compression Field Theory (MCFT) [31] in the model of Tassios [32] , by friction owing to clamping action of reinforcement normal to the interface. In the rest of the models, the cohesion term corresponds to the friction resistance developed along the interface.
In the present study, the cyclic behaviour of interfaces is described by the constitutive model developed by Vassilopoulou and Tassios [33] where the models of friction and dowel resistance of Tassios and Vintzileou [34] , Vintzileou and Tassios [35, 36] are adopted. The interface model accounts for the combined shear force resistance mobilized along interfaces due to sliding both under monotonic and cyclic imposed deformations. This model was further modified by Palieraki et al. [37] and adopted by the current Greek code for interventions [KANEPE, 14] . It is used in this form in the present study, with additional modifications and extensions, as presented in the remainder of this section.
Constitutive law for friction resistance
The shear stress transferred through friction at the interface is described by the following set of equations [34] :
where s u is the higher value of slip attained (recommended value of 2 mm, in case of combination with dowels then s u = 1 mm), whereas the peak value of friction resistance, τ fu , is equal to:
where μ is the friction coefficient which, according to KANEPE [14] , receives values equal to [14] . In the experimental study conducted by Júlio et al. [20] , it was found that the increase of the concrete compressive strength of the new layer compared to that of the existing one leads to an enhancement of the compressive strength of the interface, i.e. taking into account the compressive strength of the weakest concrete seems to be conservative. In order to take into account this experimental finding, Eq. (3) was modified here as follows:
where parameter β takes into account the increase of the higher value of friction resistance by means of the ratio of the compressive strengths of the new over the old concrete. Hence, (mm) is the dowel diameter (stirrup diameter of the jacket in the case of the proposed model).
According to the degradation rule proposed by Palieraki et al. [37] and adopted by the Greek code for interventions [14] the frictional resistance is reduced at each cycle, n, according to (see Fig. 2 (a)):
where τ f,1 is the peak frictional resistance value attained in the first cycle. 
Constitutive law for dowel resistance
In the dowel model proposed by Vintzileou and Tassios [35, 36] , the bar behaves similarly to a horizontally loaded free-headed pile embedded in cohesive soil, and yielding of the dowel and crushing of concrete occur simultaneously. Dowel force, F D , is given as a function of slip, s, by: 
where f yd (= f y /1.15 MPa) is the design yield strength of steel and f cd (= f ck /1.5 MPa) is the design concrete compressive strength. The degradation rule adopted by KANEPE [14] is ( Fig.   2 (b)):
where F D,1 (N) is the peak dowel resistance attained in the first cycle and n the number of cycles.
Modifications to the interface constitutive laws
The friction and dowel resistance models presented in the previous section were further enhanced to account for the case of non-symmetric reversed cyclic loading that is typical in seismic situations. The new modifications in the above dowel and friction constitutive models are:
i. Since the dowel and friction response shapes in Fig. 3 are non-symmetrical, they are applicable only for an initial positive slip step. Consequently, if the initial step involves negative slip, the response shapes should be mirrored, hence a global 'direction' factor λ = sign(s) is defined when the absolute current slip value exceeds the dowel elastic slip limit s el = 0.006·D b for the first time.
ii. In the case of unloading or reloading from the envelope curve, the attained slip (s) and
, at the instance of slip reversal, are stored. At the same instance, the absolute maximum recorded slip value throughout the loading history (s max ) is also stored.
iii. Upon any slip reversal, the applicable range of cyclic response is updated using Eqs. (9) and (10) If the current peak slip value (s n ) is exceeded during loading (i.e. its absolute value is larger than s max ), the loading path continues on the envelope curve.
i. In the case of |s| < s el , elastic response is considered and no cyclic rules are applied.
ii. The final element of the extended and improved cyclic interface model is the introduction of two force degradation factors for dowel and friction models. These degradation factors operate on the envelope curves and reflect the force degradation due to cyclic loading. In the original suggestion by Vassilopoulou and Tassios [33] and in the later amendments of the Greek code for interventions [14] , strength degradation depends on the number of symmetric cycles (n). In order to extend this concept to arbitrary loading history, an equivalent number of cycles (n eq ) is introduced herein, which depends on the cumulative slip (Σs): (11) and the degradation factors for friction (τ deg ) and dowel (D deg ) actions are updated as follows:
where coefficient α is the degradation parameter. The above degradation factors are pre-calculated at the instance of reloading, yet finally applied on the envelope curves at the end of the cycling procedure, i.e. when the peak slip value (s n ) is exceeded and the loading path continues on an updated envelope curve. The transition between the former and the updated envelope is performed on the final branch of the cyclic load path, as depicted in Fig. 4 for the dowel model. 
Analytical model for RC jacketed members under cyclic loading conditions
In the case of composite cross sections where an outer shell is placed around the core of the cross section, the relative slip between the two bodies depends largely on their interconnection. In one extreme case the jacket could slip relative to the core without mobilizing any kind of shear resistance, which is the case of zero friction. One of the other possible scenarios (suggested by experimental evidence) is when cracks form parallel to the interfaces between the two external layers which represent the contribution of the jacket and the internal one which represents both the core (existing cross section) and the web of the jacket shell [4] [5] [6] 9] . Thus, two sliding planes are created as shown in Fig. 5 . Slip at the sliding plane mobilizes the shear transfer mechanisms such as aggregate interlock, friction owing to clamping action, and dowel action of the stirrup legs of the jacket and the dowels placed at the interface whenever this is introduced as an additional connection measure (Fig. 5) . The proposed analytical model for predicting the flexural response of RC members strengthened with concrete jackets under cyclic loading conditions considers that slip takes place along the interfaces between the existing member and the jacket. Relative slip at the interface between the existing member and the jacket is introduced following the same conceptual framework developed by Thermou et al. [17] . The model is extended here to cyclic loading conditions after performing a series of adaptations and additions. The proposed analytical model introduces a degree of freedom allowing the relative slip at the interface between the existing member and the jacket. Slip along the member length is attributed to the difference in normal strains at the contact interfaces (Fig. 6 ). For flexural analysis, the cross section is divided into three layers which deform with the same curvature, φ (Fig. 6 ). It is recalled that the two external layers represent the contribution of the jacket, whereas the internal one represents both the core (existing cross section) and the web of the jacket shell.
The difference in normal strain at the interface between layers (Fig. 6 , bottom interface: ε j3-ε c2 ; top interface: ε c1 -ε j2 ) accounts for the corresponding slip in the longitudinal direction (xaxis in Fig. 6 ). Along the vertical plane (i.e. on faces normal to the z-axis, Fig. 6 ), the resultant forces are nearly zero for the case that the jacket longitudinal tension reinforcement is evenly distributed along the perimeter (as in the RC jacketed cross section shown in Fig. 6 ).
The vertical slice of the jacketed cross section is almost self-equilibrating (the rectangular portion of the cross section of thickness t J , to the left of line A-A in Fig. 6 ), since the compression and tension forces over the height of the segment are almost equal, thus resulting in a total stress resultant close to zero. 
Crack spacing estimation and shear stress demand at the interfaces
In RC members, the estimation of the crack spacing is related to the transfer of the bond stress at the tension zone of the member (e.g. [38] ). In the proposed analytical model the bottom layer of the additional layer of concrete and reinforcement is treated as a composite type of reinforcement for the existing cross section. Following the concept developed by Thermou et al. [17] , shear transfer at the interface between the existing member and the jacket is carried out between half crack intervals along the length of the jacketed member as also done in bond analysis. The distance between those cracks, taken as s r , is a key element of the proposed analytical model. It is assumed that cracks are equally distributed at distance s r along the member's length. This implies that stabilization of cracks has occurred in the jacket. At this stage the jacket steel stress at the crack, σ s,cr J exceeds the limit [38] :
where f ctm J (MPa) is the tensile strength of concrete of the jacket, η (=E s /E cm ) is the modular ratio and ρ s,eff is the effective reinforcement ratio defined as the total steel area divided by the area of mobilized concrete in tension [38] . Using the same considerations in the combined section it may be shown that a number of the external cracks penetrate the second layer (core) of the jacketed member (Fig. 7) . 
-Crack spacing estimation
The crack spacing, s r , may be estimated after crack stabilization and assuming that the neutral axis depth is almost constant in adjacent cross sections. The free body equilibrium in the
The equilibrium of the core of the composite section in tension yields: 
After substitution of Eq. (16) in Eq. (15), the expression for estimating the crack spacing, s r , is defined as: -
Shear stress demand
Shear stress demand at the interfaces, τ d,i , is determined by examining the cross section along the height and at a member length equal to the distance between successive cracks (Fig. 8) .
Τhe layer force resultant ΣF i (sum of concrete and steel forces at each layer), for the externally applied axial load, N ext , is used to calculate the vertical shear stress demand in the member, τ d,i . It is noted that there is no stress state in the existing column due to dead load before the axial load is applied. With the assumption that reversal of the shear flow, q, takes place at a length equal to s r /2 the average stress demand τ d,i is equal to:
where ΣF i is the layer force resultant of the bottom and top layer equal to the jacket thickness t J , b J is the width of the jacketed cross section, and s r is the crack spacing length.
Algorithm for calculating moment -curvature histories
The algorithm proposed herein calculates the moment -curvature histories of RC members retrofitted with RC jackets, taking into account interface slip between the existing member (core) and the jacket, under cyclic loading conditions. In particular, given a curvature 'loading' history, the objective at each loading step is twofold: (i) to establish equilibrium between shear stress capacity and demand at the interfaces for relative slip (s r ) and, at the same time, (ii) to establish force equilibrium along the entire cross section. Apart from the previously presented cyclic interface model to simulate the slip effect between the core (old) and jacket (new) concrete, two cyclic constitutive models for concrete and steel materials are required for setting up a fibre representation of the jacketed RC section. The constitutive model for concrete implemented in the present study is based on the uniaxial stress-strain relationship suggested by Mander et al. [40] , as adapted by Martinez-Rueda and Elnashai [41] .
The confinement action due to transverse reinforcement is captured by a passive confinement factor (K), which is considered constant during loading. For reinforcing steel, the cyclic constitutive model by Menegotto and Pinto [42] incorporating the isotropic hardening rules by Filippou et al. [43] was implemented. To avoid further complicating the analytical model, perfect bond was considered between steel bars and concrete. Moreover, preloading of the existing column was ignored. In most practical applications, the core is under stress prior to applying the jacket. The effect of preloading has been studied both experimentally and analytically. Test results are rather controversial, since there are researches who claim that preloading should be considered and it has a favourable effect [5] , whereas others claim that preloading has no noticeable influence on test results [7, 11] . Analytical investigation on preloading has shown that for reasonable column axial compression levels the effect of core preloading can be safely ignored [44] .
The computational procedure is based on the classic fibre decomposition approach due to the non-cylindrical stress field (non-uniform in one direction) emanating from the load path dependency that characterizes cyclic loading [45] . Within this framework, the section is divided into a fine fibre mesh ( Fig. 9(a) ) and each fibre is associated with the corresponding cyclic material constitutive model. It is noted here that three distinct confinement regions are defined for the jacketed section (unconfined, partially confined and fully confined), each associated with a properly calculated confinement factor according to the confinement model suggested by Kappos [46] . For the stress integration of the section internal forces, following the Bernoulli-Euler assumption (i.e. plane sections remain plane and perpendicular to the axis of the column), the complete strain profile is described through four distinct parameters (φ, ε ο , ε Α , ε Β ), in order to account for possible interface slip, as depicted in Figure 9 (b). For each curvature step (Δφ), the goal is to calculate the bending moment (M) corresponding to the new curvature value φ+Δφ, for a given constant external axial load (N ext ).
This procedure is repeated for the entire curvature history, in order to finally produce the cyclic moment-curvature response curve. Hence, for each (predefined) curvature step, in order to satisfy the aforementioned equilibrium conditions, the three unknowns (Δε ο , Δε Α , Δε Β ) together with the predefined Δφ, which define the section strain profile, should be determined.
Shear strength capacity of the top and bottom interface, τ 1 and τ 2 , are estimated from the respective slip values, s 1 and s 2 , according to the constitutive law that describes the behaviour of the interface under cyclic loading (Eqs. 2-9). The incremental change of the strain profile described above (Δφ, Δε ο , Δε Α , Δε Β ) causes slip on the top and bottom interface equal to:
Shear strength demand at the upper and bottom interface, τ d,1 and τ d,2 , is also estimated according to Eq. (19) . Next, the stresses are integrated and the layer force resultant ΣF i is calculated (Fig. 8 ). In the final step the simultaneous equilibrium of the interfaces and the cross section is checked. Since the response of the cyclic constitutive models is load-path dependent, a 'trial-and-error' approach attempting different combinations of the three unknown values until convergence is required. To this purpose, an evolutionary algorithm is applied, specifically the differential evolution approach [47] , which is an established metaheuristic method that optimizes a problem by iteratively improving a candidate solution 
Sensitivity analysis of the proposed analytical model
From the procedure described in the previous section it is evident that many parameters come into play in the proposed analytical solution algorithm for RC jacketed columns that may influence substantially the obtained results. The most crucial one seems to be the crack spacing since it strongly influences the value of the shear demand at the interface, τ d,i , and thus controls the overall response of the member (Eq. 20). Moreover, the cyclic nature of the loading and the degradation rules adopted for both construction materials, as well as the shear resistance mechanisms, all affect the overall response. In the present study, the constitutive laws of friction and dowel resistance (presented in section 2) are implemented for the first time to analyse the response of a composite cross section such as that of the RC jacketed structural member. The impact of the degradation parameter α used for the estimation of the degradation factors for friction (τ deg ) and dowel (D deg ) actions (Eqs. 12 and 13) on the derived moment -curvature histories is also studied.
Influence of crack spacing
The crack spacing is estimated according to Eq. (17) based on the premise that shear transfer at the interface between the existing member and the jacket is carried out between half crack intervals along the length of the jacketed member as customarily done in bond analysis. Apart from the height of the tension zone in the core component of the composite cross section, ℓ c , which in itself constitutes a parameter for further investigation, the average bond stress of the regarding the reinforcement detailing and material properties are summarised in Table 1 . Eqs.
(21) and (22) were utilised for the derivation of the average bond stress according to Eurocode 2 [43] and fib Model Code [38] , respectively, which is given in Table 2 . Considering the upper and lower values as defined in Eq. (18) for the definition of the height of the tension zone in the core component of the composite cross section, ℓ c , leads to the estimation of s r = (313~551) mm for Eurocode 2 [48] and s r = (397~698) mm for the fib Model Code [38] .
It is seen that the Model Code model for the average bond stress yields higher values for the bond stress of plain bars and lower values for the bond stress of the ribbed bars compared to the corresponding EC2 model [48] . The analyses conducted with the solution algorithm considered a natural interface corresponding to a friction coefficient μ=0.4 according to the Greek code for interventions [14] . Axial load was applied to the core of the composite cross section following the experimental setup, and slip was allowed at the interfaces between the existing cross section and the jacket. The response of the QRC specimen in terms of monotonic moment -curvature relationships for the various definitions of crack spacing is shown in Fig. 11 along with the experimental hysteresis loops. The comparison was based on the use of monotonic response curves (envelope curves of the hysteresis loops for null degradation, α=1), with a view to avoiding any further complexity due to the cyclic loading conditions (i.e. influence of degradation rules on response). As shown in Fig. 11 , the curve derived for a crack spacing estimation equal to s r = 551 mm using the Eurocode 2 [48] expression for the upper limit of ℓ c (=400-118-75 = 207 mm, see Table 2 ), the red coloured curve, reasonably matches the strength and stiffness level of the experimental curve up to the peak strength value. The use of the lower value for ℓ c leads to response curves that underestimate the actual response irrespective of the code expression used. It is thus concluded that the Eurocode 2 [48] expression for estimating the average bond stress may be considered adequate when the height of the tension zone in the core component of the composite cross section, ℓ c , is taken equal to the upper limit value defined in Eq. (18). Code 
Effect of cyclic degradation
The sensitivity of the proposed model to the degradation rules adopted from the Greek code for interventions, KANEPE [14] (Eqs. (5, 8) ), as modified for the needs of the present study (Eqs. (9-13)) was examined. To this purpose, specimen QRC with the details given in the previous paragraph was utilised for carrying out cyclic loading analyses with degradation parameter α assuming values from 0.1 to 1, with a step of 0.1. The directional degradation effect was ignored in these analyses since its influence on response is examined separately in the next section. The comparison of the resulting response curves for the various α values, revealed that the value of α = 1 suggested by the Greek code for interventions [14] leads to underestimation of the actual response as provided by the experimental hysteretic curves ( Fig.   12(a) ). However, a value of α = 0.5 seems to yield hysteretic curves that correlate well with the experimental ones ( Fig. 12(b) ). It is concluded that the degradation rules adopted by the Greek code for interventions [14] are rather conservative (which is not surprising for a code of practice) and by employing lower values for degradation factor α (Eqs. (12, 13) the derived hysteretic curves match the experimental ones. 
Influence of directional degradation
Another parameter that has not been investigated so far is the directional degradation of the shear resistance mechanisms (Eqs. 9 and 10). The moment -curvature response history for QRC for α = 0.5 and adopting the proposed directional degradation rules appears in Fig. 13 . If compared with Fig. 12(b) , it is clear that directional degradation leads to underestimation of the actual response as provided by the experimental hysteretic curves, which is more pronounced in the negative direction of loading. Thus, based on this observation it was decided to exclude directional degradation from further analyses. 
Experimental validation
The validity of the proposed analytical model for predicting the flexural response of RC jacketed members under cyclic loading was examined by comparing the moment -curvature histories derived by the analytical model with those for the specimens studied by Bousias et al. [10] . The decision to select this experimental study was based not only on its scope, but also on the fact that it provides detailed test results in terms of moment -curvature curves.
All specimens had the same geometry and the same jacket thickness as specimen QRC described in the previous section (more details can be found in the paper describing the database compiled by Thermou et al. [12] ). Specimen QRCM was a control specimen built monolithically having the same geometry as the jacketed members, its only longitudinal reinforcement being that of the jacket. Apart from specimen QRC for which no special measures were taken to connect the existing member to the jacket, for all other specimens various connection measures were examined. In specimen QRCR, the full lateral surface of the existing column was roughened using a pneumatic chipping device, and in QRCD three 16 mm dowels were driven into each side of the existing column, at distances of 200, 650, and were combined. In QRCW the corner bars of the jacket were connected to the corresponding existing ones by welding both of them to 16 mm diameter, 400 mm long deformed reinforcing bars bent into a U-shape.
The estimation of the crack spacing is presented in Table 3 following the outcome of the preceding sensitivity study. The proposed analytical model took into account the various alternative connection measures applied in the specimens tested by Bousias et al. [10] .
Different values for the friction coefficient, μ, were utilised to reflect the roughness of the interface. For those specimens with a smooth surface (QRC, QRCW) the friction coefficient assumed a value of μ = 0.4. In the case of specimens wherein the full lateral surface of the existing column was roughened (QRCR, QRCRD) the friction coefficient μ assumed a value of 0.8 that falls within the range of values proposed for a rough interface by the fib Model
Code [38] . The dowels placed to strengthen the connection between the old and new member were also modelled. Moreover, in the case of specimen QRCW, the U-shape links used to connect the existing longitudinal reinforcement to the new longitudinal reinforcement of the jacket were modelled through an equivalent number of dowels. The comparison between the experimental and the analytical moment -curvature histories are presented in Fig. 14. In the monolithic specimen, QRCM, the response of the analytical model (it is noted that no slip takes place at the interface since a monolithic cross section is 
Conclusions
The response under reversed cyclic loading of old-type RC columns strengthened through concrete jacketing was studied herein. In the proposed analytical model partial connection between the core and the jacket are assumed, while slip can take place at the interfaces. The composite cross section is divided into three layers which develop the same curvature. The interface characteristics play a crucial role in the response of the composite member. The proposed algorithm aims at establishing equilibrium at both interfaces, which is achieved when shear capacity equals shear demand at each curvature loading step. Shear capacity at each loading step is described by existing constitutive models for cyclic loading conditions, which are further modified and enhanced for the needs of the present research. Shear demand at the interfaces is estimated by considering the flexural stresses on each layer of the cross section and is controlled by the distance between successive cracks. A sensitivity study was conducted to investigate the impact of crack spacing and degradation rules on the momentcurvature response curves. It was shown that adopting the average bond stress model as proposed by EC2 [39] and considering the height of the tension zone in the core of the composite cross section, ℓ c equal to the upper limit defined by Eq. (18), the estimated crack spacing, s r , leads to moment -curvature response curves that correlate well with the experimental data. Moreover, a reduced degradation factor, α=0.5, leads to analytical moment -curvature histories that match reasonably closely the experimental data. The analytical model was implemented for the derivation of the moment -curvature histories of a group of test specimens where different connection measures were taken. The derived analytical curves reasonably matched the experimental ones, thus manifesting the validity of the proposed analytical model for RC jacketed members under cyclic loading. Nevertheless, when slip is taken into account, the effect of pinching is more pronounced in the analytical model, indicating less energy dissipation at each loading cycle, which is conservative, but also indicates a need for future improvement of the rules affecting pinching.
